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ABSTRACT 

A previous study has examined the fatigue properties of bonded joints representative 
of the boron-epoxy doublers bonded to the wing-pivot fittings of Royal Australian Air 
Force (RAAF) F-lllC aircraft. These repairs indicated some fatigue damage and crack 
propagation occurred at the boron fiber to adhesive interface of the doubler. This paper 
reports studies that have investigated mediods to improve the fracture toughness of 
the boron/epoxy laminate. Two types of specimen were prepared. In the first case the 
standard boron epoxy laminate was modified by co-curing FM73 adhesive film layers 
at the midplane. In the second case a standard laminate with two FM73 film infused 
layers at the midplane was prepared. The two modified laminates showed substantial 
increases in the fracture touglmess, however, the co-cured FM73 laminate did not 
exhibit stable fracture. Failure analysis indicated that the three laminate specimens 
tested exhibited a complex fracture. Fracture either propagated at the boron-epoxy 
interface or within the resin or FM73 layers. Further improvement in fracture 
toughness of fiie laminate may be achieved by improving the boron to FM73 adhesion. 
The methods reported for improving laminate fracture toughness may potentially be 
employed for aircraft repairs in which very high stresses are known to be present. 
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Development of Film-Infused Tougher 
Boron/Epoxy Ply 


Executive Summary 

A previous study has examined the fatigue properties of bonded joints representative 
of the boron-epoxy doublers bonded to the wing-pivot fittings of Royal Australian Air 
Force (RAAF) F-lllC aircraft. These repairs indicated some fatigue damage and crack 
propagation occiured at the boron fiber to adhesive interface of the doubler. This paper 
reports studies that have investigated methods to improve the fracture toughness of 
the boron/epoxy laminate. Two types of specimen were prepared. In the first case the 
standard boron epoxy laminate was modified by co-curing FM73 adhesive film layers 
at the midplane. In the second case a standard laminate with two FM73 film mfused 
layers at the midplane was prepared. The two modified laminates showed substantial 
increases in the fracture toughness, however, the co-cured FM73 laminate did not 
exhibit stable fracture. Failure analysis indicated that the three laminate specimens 
tested exhibited a complex fracture. Fracture either propagated at the boron-epoxy 
interface or within the resin or FM73 layers. Further improvement in fracture 
toughness of the laminate may be achieved by improving the boron to FM73 adhesion. 
The methods reported for improving laminate fracture toughness may potentially be 
employed for aircraft repairs in which very high stresses are known to be present. 
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1. Introduction 


A previous study has examined the fatigue properties of bonded joints representative 
of the boron-epoxy doublers bonded to the upper plate sphce region of the wing-pivot- 
fittings of Royal AustraKan Air Force (RAAF) F-lllC aircraft [1]. These studies 
indicated that .the original doublers were designed with a low margin of safety in 
fatigue, especially when exposed to moisture and aged fuel. Fatigue damage and crack 
propagation in the representative bonded joints indicated that failure occurred either at 
the aluminium to adhesive interface or at the boron to adhesive interface [Figure 1.1]. 
Stress analysis performed on the bonded joint showed that one of the factors 
contributing to the lower fatigue tolerance was the relatively high angle of effective 
taper of the doublers. Current repairs would have employed a much lower taper angle 
and, therefore, provided improved fatigue tolerance. Additional means of increasing 
the fatigue tolerance of the bonded joints would also be to improve the fracture 
toughness of the boron-adhesive interface. 



Figure 1.1. Fatigue crack propagation in a skin doubler specimen. Details of this specimen 
are provided in [IJ. 


■S ca nning electron microscopy (SEM) examination of the skin doubler regions, where 
adhesive to boron failure occurred, revealed that the fatigue crack propagated within 
the boron-epoxy ply adjacent to the adhesive in the resin rich area between the boron 
fibres and the adhesive-resin interface [Figure 1.2 and 1.3]. 
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Figure 1.2. Fatigue failure surface - adhesive side showing the hollow impression in the 
resin from the boron fibres. 



Figure 1.3. Fatigue failure surface - boron/epoxy laminate side. The image shows the 
boron fibres and the regions of cohesive resin failure in between the fibres. 

Figures 1.2 and 1.3 show that the fatigue failure is occurring in two places in the 5521/4 
lamina: 
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1. At the interface between the boron fibres and the resin 

2. Within the resin in the valleys between the fibres. 

Clearly, the toughness of this system could be improved by increasing the toughness of 
the resin and/or by increasing the interfacial bond strength between the fibres and the 
resin. This report investigates the use of film infusion of FM73 adhesive into dry boron 
fibres to create a tougher boron/ matrix ply. The test method ASTM 5528-94a, Mode 1 
Interlaminar Fracture toughness of Unidirectional Fiber-Reinforced Polymer Matrix 
Composites, was used to investigate toughness changes [2]. 


2. Manufacture of FM73 Infused Boron Lamina 

Materials used in making a layer of FM73 film infused boron were: 

1. Boron Woven Fabric (part no. 260-100046-001). This is unidirectional 0.004 inch 
diameter fibres with a hght polyester weave to maintain the fibres in a closely 
woven mat. 

2. Cytec FM73 with a density of 0.085 psf . This is the adhesive used in standard 
repairs and contains a polyester knit carrier for bondline thickness control and 
handling. 

The layer was made by sandwiching the fibres and adhesive between two layers of 
teflon coated glass and applying pressure and a temperature of 80°C for 20 minutes 
(see Fig. 2.1). The finished product is shown in Fig. 2.2. 


platen 



Figure 2.1. Schematic of the assembly for the film infused boron. 
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Figure 1.1 A layer ofFM73film infused boron. 


3. Specimen Manufacture 

Three panels of sixteen plies of unidirectional boron/ matrix lamina were made: 

1. A standard laminate made entirely of 5521/4 lamina. 

2. A laminate made of sixteen 5521/4 lamina co-cured with two layers of FM73 at the 
centre. 

3. A laminate made of fourteen 5521/4 lamina co-cured with two laminae of dry 
boron fibres infused with FM73. 

The last two laminates can be considered to be functionally gradient laminates in that 
the manufacturer's standard phes are swapped for tougher plies at the location where 
maximum toughness is needed - adjacent to the bondline. 

Each panel was 160 mm by 150 mm by 16 plies. A strip of Teflon (0.025 mm thickness) 
60 mm by 150 mm was placed at the centre of the laminate to provide the starter crack. 
The panels were cut into six specimens of 20 mm x 160 mm with piano hinges applied 
using 5 minute Araldite. Figures 3.1, 3.2 and 3.3 show schematics of each panel. The 
panels were cured in an autoclave. Each panel was cured for 1 hour at 120°C with a 
heating ramp of 5°C/minute and 300 kPa pressure. The autoclave cure arrangement 
was as shown in Figure 2.1. 
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Figure 3.1. Standard 16 plies 5521/4 panel with teflon crack starter. 
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4. Experimental 


The test technique adhered to the technique prescribed in ASTM D5528-94a [2]. An 
1121 Instron (10 kN capacity) was used with a 5 kN load cell. Load and crosshead 
displacement data was recorded on the machine's chart recorder. A scale was marked 
on the specimens ahead of the tip of the teflon implant as recommended in ASTM 
5528-94a [1]. The scale marked was at approximately 1, 2,3,4, 5,10,15,20 and 25 mm. 
Water based Hquid paper was applied ahead of the tip and these positions marked 
using a fine ball point pen. Accurate measurements of the location of these marks and 
of distance of the tip of teflon implant from the hinge of the piano hinges was made 
using a traveUing microscope. A crosshead rate of 0.5 mm/minute was applied and 
the load/displacement point at which the crack passed each scale position (as observed 
through the traveUing microscope) was marked on the chart. 

Two methods were used to determine the interlaminar fracture toughness, Gi; the 
Modified Beam Theory (MBT) method and the Compliance Calibration (CC) method. 
Values calculated using &ese theories are provided in the Appendix. 

The MBT method used equation 1: 

r - 3P5 

'“2b(a+|A|) 

where P is the load recorded for the load point displacement, 5, with delamination 
length, a, and specimen width, b. Correction for adherend rotation during loading is 
provided by the |a| term. This was determined by generating a least squares plot of the 
cube root of compliance, C^/^, as a function of delamination lengUi. The delamination 
length for zero compliance from the plot is the correction factor. The compliance is 
determined from 6/P for the measurements provided in the appendix. 


The CC method used equation 2: 

nP5 


where n is determined from the gradient of the log-log plot of 5/P versus a. 


The fracture surfaces were analysed using X-ray Photoelectron Spectroscopy (XPS) and 
Scanning Electron Microscopy (SEM). XPS was performed by irradiating samples with 
a 150W AlBCct flux in a vacuum of 5x10-9 torr. Photoelectrons were analysed with a 
Fixed Retard Ratio of 24 and binding energy was referenced to the adventitious C Is 
line at 285eV. Quantification used sensitivity factors provided by the manufacturer. 
SEM was performed with a 20kV electron beam on samples coated with a 0.5 |am layer 
of sputtered gold. XPS spectra of the boron fibre surface were also recorded as a 
function of depth with the use of an argon ion gun. Argon ions directed at the surface 
with 5kV potential eroded or etched the surface material at a rate of approximately 
2iun/min. XPS spectra recorded during the etching gave a depdi profile concentration 
of the elemental species in the surface layers of the fibre. XPS analysis provided 
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chemical information emanating from the first 5nm of the fracture surface and SEM 
micrographs provided visual details of the fracture process. 

Optical images of the fracture surfaces were also recorded using a Leica MZ 12 optical 
microscope interfaced to a personal computer using Adobe Photoshop image capture 
and processing software. 


5. Test Results 


Dimensions and test results for each specimen are given in Appendix A. Figures 5.1, 5.2 
and 5.3 show t 3 ^ical resistance curve plots (Gi versus a) for the three specimen types. 



crack length (mm) 


Figure 5.1. 5521/4 - resistance curve plot. 



Figure 5.2. 16 plies 5521/4 co-cured with 2 layers FM73 - resistance curve plot. 
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crack length (mm) 


Figure 5.3. 14 plies 5521/4 co-cured with 2 plies FM73-infused boron - resistance curve 

plot. 


The initiation values of toughness are presented in Table 5.1. 

Table 5.1. Initiation fracture toughness values for the three laminate types. 



5521/4 

5521/4 + FM73 

5521/4+infused 

boron 

Gi (J/m2) 

328 

3109 

1633 

No specimens 

4 

6 

6 

Stand dev 

41 

612 

280 


Note that although the laminate with two layers of co-cured FM73 had a high initial 
toughness it was an essentially unstable fracture because the strain energy release rate 
decreased with increasing crack length after about 5 mm of crack growth. Indeed one 
specimen failed catastrophically after a small amount of crack growth [Figure 5.4]. 
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Figure 5.4. 14 plies 5521/4 co-cured with 2 plies FM73-infused boron - showing 

catastrophic failure at crack length of about 5 mm. 


All specimens showed some fibre bridging during testing. Only in the 5521/4 
specimens did a single crack travel along the midplane. For the other specimens - the 
specimens with co-cured FM73 layers and the specimens with co-cured film infused 
boron layers - substantial secondary cracks appeared in addition to the primary crack. 
Neither the primary nor the secondary cracks were located at the midplane probably 
because this is a FM73 rich zone where the toughness could be expected to be the 
highest. 

If more phes of FM73 film infused boron were added to that series of specimens then 
higher toughness values again could be expected. Cracking tended to occur in the 
standard 5521/4 plies either side of the toughened film infused phes. 

Figures 5.5 and 5.6 show the test setup and a macro of the failure of a co-cured 
FM73 specimen. 
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Figure 5.5. Experimental arrangement used to determine the interlaminar fracture 
toughness Gi. 



Figure 5.6. Digital photographic image of the FM73 co-cured specimen shewing fibre 

bridging. 


6. Fracture Analysis 

optical and SEM analysis of the failure surfaces tested in section 5 was undertaken to 
determine the fracture propagation modes. Alterations in the locus of fracture should 


10 






DSTO-TN-0308 


provide some indication of the mechanisms responsible for increasing the fracture 
toughness of the samples manufactured using the FM73 adhesive. 


6.1 Optical Analysis of Standard 5521/4 laminate 



Figure 6.1 D igital image of fracture surface of Standard 5521/4 laminate 



Figure 6.2 Optical image of fracture surface of Standard 5521/4 laminate 
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Figures 6.1 and 6.2 show that the standard 5521/4 laminate displays two types of 
fracture area. In one region failure appears to propagate through the laminate resin 
and in other regions evidence for interfacial failure between the fibre and resin exists. 

6.2 Optical Analysis 5521/4 laminate co-cured with FM73 



Figure 6.3 Digital image of fracture surface of5521/4 laminate co-cured with FM73 



Figure 6.4 Optical image of fracture surface of5521/4 laminate co-cured with FM73 
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Figures 6.3 and 6.4 show that there are two modes of failure occurring for the 5521/4 
laminate co-cured with FM73. The two regions present indicate failure occurs either 
withm tbie FM73 adhesive layer or at the fibre and FM73 adhesive interfacial region. 


6.3 Optical Analysis of 5521/4 laminate co-cured with resin infused 
layers 



Figure 6.5 


Digital image of5521/4 laminate co-cured with resin infused layers 
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Figure 6.6 Optical image of5521/4 laminate co-cured with resin infused layers 


Figures 6.5 and 6.6 show that there are two modes of failure occurring for the 5521/4 
laminate co-cured with the resin infused layers. The two regions present indicate 
failure occurs either within the FM73 adhesive layer or at the fibre and FM73 adhesive 
interfacial region. This is similar to the 5521/4 laminate co-cured with the FM73, 
however. Figure 6.5 shows that more failure appears to have propagated at the FM73- 
boron interface than in Figure 6.3. 
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6.4 SEM Analysis of Standard 5521/4 laminate 



Figure 6.7 SEM failure surface of Standard 5521/4 laminate, indicating cohesive resin and 

adhesive resin failure. 
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Figure 6.8 SEM failure surface of Standard 5521/4 laminate, indicating cohesive resin failure 
and the horon fibre adhesive failure surface. 


Figures 6.7 and 6.8 indicate the complementary fracture surfaces from the standard 
5521/4 laminate. Failure appears to occur either at the interface between the resin and 
fibre or within tihe resin layer itself. 
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Figure 6.11 Cohesive failure ofFM73 layer in 5521/4 laminate co-cured with FM73 


Figixres 6.9 to 6.11 indicate the different modes of failure observed for the 5521/4 
laminate co-cured with FM73. In Figure 6.9 the failme appears to propagate at the 
resin-fibre interface as evidenced by the smooth fibre indentation. Cohesive fracture 
within the resin layer is also evident in the regions below and above tiie fibre 
indentation area. Figure 6.10 shows the fibre surfaces are free of adhesive, confirming 
the interfacial failure mode suggested in Figure 6.9. The voided adhesive region 
between two fibres also provides evidence that the FM73 layer has diffused between 
the fibres and failed cohesively in some regions. A higher magnification region of the 
cohesively failed FM73 layer observed in Figure 6.10 is shown in Figure 6.11. Voids 
and furrows on the adhesive fracture surface are typical of plastic deformation 
processes that occur in rubber toughened epoxy adhesives during fracture. 
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Figure 6.14 Cohesive fracture of FM73 for 5521/4 laminate co-cured with resin infused 
layers, FM73 pulled between fibres. 

Figures 6.12 to 6.14 indicate the failure surfaces for the 5521/4 laminate co-cured with 
resin infused layers. Figure 6.12 shows the adhesive failure surface. There appears to 
be fracture at the boron fibre-FM73 interface and within the FM73 layer. Figure 6.13 
shows the complementary fracture surface. The boron fiber surface shows no evidence 
of adhesive, confirming interfacial fracture has occurred between the fibre and FM73. 
Adhesive tiiat has diffused between the fibers has failed cohesively in some regions 
also. A higher magnification image of the FM73 cohesive failure in Figure 14 shows 
that plastic deformation processes in the adhesive may be different to those observed 
in Figure 6.11 for the 5521/4 laminate co-ctired with FM73. 


6.7 XPS FractureAnalysis 

Evidence provided by the SEM images in sections 6.4 to 6.6 of the interlaminar fracture 
processes suggested that interfacial failure of the resin or FM73 to boron fibre bond 
was a common fracture mode. XPS was employed to analyse the surfaces exposing 
boron fibres to establish that the faHure mode was truly interfacial in these areas. 


Table 6.1 Surface atomic composition of adhesive failure region of Standard 5521/4 laminate. 


%B 

%Si 

%C 

%N 

%o 

%Na 

14.4 

2.5 

53.1 

5.7 

21.9 

2.5 
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Table 6.2 Surface atomic composition of adhesive failure region of 5521/4 laminate co-cured 
with FM73. 


%B 

%Si 

%C 

%N 

%o 

%Na 

15.5 

1.4 

57.3 

1.9 

22.0 

2.0 


Table 6.3 Surface atomic composition of adhesive failure region of 5521/4 laminate co-cured 
with resin infused layers. 


%B 

%Si 

%C 

%N 

%o 

%Na 

14.9 

17.6 

41.9 

0.4 

24.6 

0.6 


The boron fracture surfaces all indicate signficant levels of boron which suggests that 
fracture occurs in close proximity to the boron and resin interface. The presence of 
carbon, silicon and oxygen may suggest the presence of some resin in the fracture 
region also. Based on the images shown in sections 6.4 to 6.6 the surface signal may 
have a contribution from the adhesive that has failed between adjacent fibres, refer 
Figures 6.8, 6.10 and 6.13. Oxaracterisation of the boron fibre surface is also required to 
verify the fracture path. This is xmdertaken in section 7. 


7. Surface Characterisation of Boron Fibres 


XPS analysis of the as received boron fibres was performed in order to characterise the 
boron fibre stuface chemistry. Table 7.1 indicates the surface composition and binding 
energy position of the boron fibres. 

Table 7.1 XPS analysis of as received boron fibre surface. 



B 

Si 

C 

O 

Atomic Conc.(%) 

22.6 

15.8 

38.1 

23.5 

Binding energy (eV) 

187.2 

101.8 

285.0 

532.3 


Figure 7.1 indicates the concentration of the elements in Table 7.1 as a function of 
depth. This data was acquired using ion milling of the boron fibre surface in 
conjxmction with XPS analysis. The time scale represents an approximate etch rate of 
2nm/minute. The XPS data shows that the boron fibre is covered with a thin silicon 
containing organic layer which may be less than lOnm. The binding energy positions of 
the elements present on die surface of the fibre are consistent with an organic material. 


21 






DSTO-TN-0308 




70 

Si ■■ 

1 50- 

/ ■ ■ ■ L 

/ 1 

% 

§ 


cone 

OJ 

O 

-»-0 r 

O , 

‘i 

f / 

V / 

jj 
11 

11 

11 

1 10- 





I I I ■. r ' » I I I ■ ' « « I « » ^ I ■ » ‘ I ' ’ ‘ I ' 

0 4 8 12 16 20 24 


etch time(min) 

Figure 7.1 Depth profile of a lOOjLim boron fibre. Etch rate is approximately equal to 
2nm/min. 


8. Discussion 


The data shown in Table 5.1 essentially indicates that incorporation of FM73 into the 
laminate layers in the zone of fracture can increase the fracture toughness from a value 
of approximately 330J/m2 to aroxmd 2000J/m2. This is approaching a fracture 
toughness value which is fotmd for FM73 adhesive [3]. Whilst the process of co-curing 
FM73 widt die 5521/4 laminate provided the highest initiation fracture toughness, this 
fracture appeared to be unstable, as shown in Figure 5.4. The process of co-curing 
FM73 film infused boron layers produced a more stable fracture. Both the co-cured and 
film infused specimeris, refer Figures 3.2 and 3.3, however, exhibited more complex 
fracture modes than the standard boron/epoxy laminate. 

Some insight into the modes of fracture and the processes limiting the fracture 
toughness of the laminates may be developed from fracture observations shown in 
section 6. 

The standard 5521/4 laminate exhibits a mixed mode of fracture between the fibre and 
resin interface and within the resin itself. Figures 6.1 and 6.2 provide an example of the 
typical failure surfaces observed and the relative areas of the two types of failure. SEM 
analysis shows higher magnification images of the two types of failure in Figures 6.7 
and 6.8. XPS analysis of the fatiiure surface of the standard 5521/4 laminate shows 
boron, silicon and carbon, suggesting that the failure between the resin and fibre is 
truly interfacial. The presence of silicon is an indication of the organic layer observed 
on the boron surface in section 7, refer Table 7.1 and Figure 7.1, 
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The 5521/4 laminate co-cured with FM73 also exhibits three modes of failure as 
indicated in Figures 6.3 and 6.4. Failure occurs both within the FM73 layer, interfacially 
between the resin and boron fibre and cohesively within the resin. Higher 
magnification images of these failure modes are provided by SEM images in Figures 
6.9, 6.10 and 6.11. The XPS fracture analysis in the adhesive failure regions, shown in 
Table 6.2, shows a similar composition to diat observed for the 5521/4 laminate, refer 
Table 6.1, and support for the interfacial failure mode between fibre and resin. The 
high Gi values observed for the initial cracklengths, shown in Figure 5.2, can be seen to 
correspond to the cohesive failure within the FM73 layer, refer Figure 6.3. The lower Gi 
values at larger cracklengths correspond to an increase in the adhesive failure mode 
between the fibre and the resin and the cohesive failure in the resin ie. some fracture 
has moved from the FM73 layer to the 5521/4 laminate layer, where fracture typical of 
that layer influences the fracture toughness value. 

The 5521/4 laminate co-cured with resin infused layers exhibits two modes of failure 
as indicated in Figures 6.5 and 6.6. Failtire occurs both within the FM73 layer and 
interfacially between the FM73 and boron fibre. Higher magnification images of these 
failure modes are provided by SEM images in Figures 6.12, 6.13 and 6.14. XPS analysis 
of the adhesive failure surface, refer Table 6.3, shows a higher level of silicon than for 
the two previous failure surfaces and may be indicative of an increase in the mode of 
failure between the organic layer present on the boron fibre and the FM73 layer. The 
more consistent fracture toughness observed for the 5521/4 laminate co-cured with 
resin infused layers, relative to the 5521/4 laminate co-cured with FM73, appears to be 
related to the consistent nature of the fracture path observed in the former. The failure 
appears to be predominantly interfacial between the fibre and FM73 layer, although 
some regions where diffused FM73 has failed cohesively were observed, refer 
Figure 6.14. 


9. Conclusion 


Improvement of the fracture toughness of the 5521/4 laminate can be achieved by the 
incorporation of rubber toughened FM73 layers in the fracture plane. Whilst the 
5521/4 laminate co-cured with FM73 exhibited a high initial fracture toughness value, 
fracture was unstable as a result of some fracture propagation into the brittle 5521/4 
laminate layer. Stable fracture was achieved for a 5521/4 laminate co-cured with FM73 
infused layers. The initial fracture toughness was not as high as the 5521/4 laminate 
co-cured with FM73 as interfadal failure between the fibre and rubber toughened 
epoxy layer was observed as the primary failure mode. The initial toughness of the film 
i^sed laminate was, however, 500% higher than for the standard laminate 

The process used to fabricate the 5521/4 laminate co-cured with FM73 infused layers 
could be used in certain aircraft repairs where it is known that very high stresses may 
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be experienced dxiring service. In these cases the the low energy frachire of the 
standard boron/epoxy laminate could be expected. 

Further studies may look at improved methods to increase the fracture toughness of 
the laminate layers by developing procedures to incorporate rubber toughened epoxy 
resin in the zones of higher stress. Alternatively, as suggested by the interfacial failure 
mode observed for the 5521/4 laminate co-cured with FM73 mfused layers, improved 
interfacial adhesion may also provide a means of improving the laminate fracture 
toughness. 
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Appendix A: 


Table 1 has the specimen dimensions for the six specimens in the three series of 
specimens. 


Table 1. Specimen dimensions -average of three measurements . 



b (mm) 

h (mm) 

1 

2 

3 

4 

5 

6 

1 

2 

3 

4 

5 

6 

16 plies 

5521/4 

16 plies 

5521/4 co¬ 

cured with 2 
layers FM73 

14 pHes 

5521/4, 2 

plies of FM73 
infused boron 
fibres 

19.88 


19.86 

19.87 

19.83 

- 

Z 19 


2.20 

2.19 

2.20 


19.84 

19.90 

19.88 

19.89 

19.87 

19.96 

Z 85 

2.98 

2.99 

2.99 

isn 

2.88 

19.94 

20.05 

20.02 

20.16 

20.07 

19.75 

2.74 

2.75 

2.76 

2.74 

2.80 

1.71 


The specimens made from sixteen plies of 5521/4 and co-cured with two layers of 
FM73 did not meet the ASTM requirements for uniformity of thickness (variation in 
measure "b" shall not exceed 0.1 mm). Typical measurements made at one end, the 
middle and the other end were: 3.00 mm, 3.27 mm and 2.69 mm. This non-uniformity 
could be avoided through the use of a stiff plate on top of the laminate during cure in 
the autoclave. 

Results for each specimen are presented in the following tables. 
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5521/4 specimens 


Specimen 1 test results. 


Crack 

length 

nom. 

Crack 

length 

actual 

(mm) 

P(N) 

5 (mm) 

Gmbt 

0/m^) 

Gcc0/m2) 

aO 

50.86 

34.0 

7.9 

386 

384 


51.71 

37.0 

8.5 

445 

442 

a2 

52.69 

39.0 

9.2 

498 

495 

a3 

53.96 

39.5 

10.0 

536 

532 

a4 

54.90 

39.2 

10.2 

533 

529 

a5 

55.88 

39.0 

10.6 

542 

538 

alO 

60.68 

40.0 

13.6 

658 

652 

al5 

65.82 

36.0 

16.4 

660 

652 

a20 

70.96 

31.5 

18.0 

589 

581 

a25 

75.80 

28.0 

19.6 

535 

526 


Note: mbt stands for modified beam theory and cc stands for compliance calibration 
(see ASTM) 


Specimen 3 test results. 


Crack 

length 

nom. 

Crack length 
actual (mm) 

P(N) 

5 (mm) 

Gmbt 

(J/m2) 

Gcc(J/m2) 


50.70 

28.0 

7.9 

272 

283 

al 

51.60 

28.0 

7.9 

268 

278 

a2 

52.83 

29.2 

8.6 

298 

308 

a3 

53.64 

29.8 

9.2 

322 

332 

a4 

54.64 

29.5 

9.8 

334 

343 

a5 

55.81 

29.0 

10.4 

342 

351 

alO 

60.64 

27.2 

12.1 

348 

352 


65.80 

26.0 


369 

369 

a20 

70.66 

25.5 


419 


a25 

75.78 

28.5 

^3 

505 










DSTO 


Specimen 4 test results. 


Crack 

length 

nom. 

Crack length 
actual (mm) 

P(N) 

6 (mm) 

Gmbt 

QM 

Gcca/m2) 

aO 

48.48 

31.0 

7.8 

340 

346 

al 

49.70 

32.0 

8.4 

370 

375 

a2 

50.70 

32.0 

8.8 

381 

385 

a3 

51.75 

31.5 

9.2 

384 

388 

a4 

52.48 

31.2 

9.5 

388 

391 

a5 

53.54 

31.0 

9.8 

391 

393 

alO 

58.69 

29.0 

11.8 

405 

404 

al5 

63.64 

28.0 

14.5 

445 

442 

a20 

68.68 

26.2 

17.2 

461 

455 

a25 

73.71 

25.2 

19.4 

468 

460 


Specimen 5 test results. 


Crack 

length 

nom, 

aO 


al 

a2 


a3 

a4 


a5 

alO 


al5 


a20 


Crack length 
actual (mm) 

P(N) 

5 (mm) 

Gmbt 

(J/m^) 

GccQ/m^) 

49.87 

28.5 

8.2 

313 

319 

50.87 

30.0 

8.8 

347 

353 

52.01 

30.2 

9.6 

374 

379 

53.00 

30.2 

9.6 

367 

372 

53.90 

30.0 

10.6 

397 

401 

55.06 

29.5 

11.0 

398 

401 

59.98 

27.5 

12.6 

393 

393 

64.91 

25.2 

14.2 

378 

375 

69.95 

23.5 

16.6 

385 

379 

74.82 

21.5 

18.2 

363 

356 


a25 
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16 plies 5521/4 co-cured with FM73 specimens 


Specimen 1 test results. 


Crack 

length 

nom. 

Crack 

length 

actual 

(mm) 

P(N) 

5 (mm) 

Gmbt 

a/m2) 

Gcc 

(J/m2) 

aO 

50.25 

127.0 

25.6 

2390 

2528 


51.05 

139.0 

27.8 

2819 

2957 

a2 

52.19 

150.0 

32.0 

3464 

3593 

a3 

53.17 

155.0 

33.8 

3746 

3850 


54.15 

158.0 

36.6 

4097 

4172 

a5 

55.02 

157.0 

37.4 

4126 

4170 

alO 

60.28 

148.0 

39.8 

3946 

3818 

al5 

65.23 

148.0 

39.8 

3780 

3528 

a20 

70.21 

148.0 

39.8 

3627 

3278 

a25 

75.16 

98.0 

45.6 

2645 

2323 


Note: mbt stands for modified beam theory and cc stands for compliance calibration 
(see ASTM) 


Specimen 2 test results. 



Crack 

length 

actual 

(mm) 




Gcc 

(J/m2) 

aO 

49.35 

126.0 

22.4 

3784 

3821 


50.29 

151.0 

27.6 

5496 

5538 

a2 

50.35 

155.0 

28.4 

5799 

5842 

a3 

52.27 

159.0 

29.8 

6039 

6058 

a4 

53.09 

160.0 

30.8 

6195 

6203 

a5 

54.25 

160.0 

30.8 

6077 

6070 

alO 

59.36 

123.0 

33.4 

4675 

4624 

al5 

64.23 

108.0 

35.4 

4053 

3977 

a20 

69.06 

98.0 

40.2 

3911 

3812 

a25 

74.20 

90.0 

46.0 

3849 

3728 
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Specimen 3 test results. 


Crack 

length 

nom. 

Crack 

length 

actual 

(mm) 

P(N) 

5 (mm) 

Gmbt 

(J/m2) 

Gcc 

(J/m2) 

aO 

48.92 

91.0 

15.8 

2163 

2356 

al 

50.03 

120.0 

21.0 

3709 

4038 

a2 

51.11 

153.0 

27.0 

5956 

6480 

a3 

52.15 

162.0 

29.6 

6778 

7371 

a4 

53.26 

161.0 

31.2 

6956 

7561 

a5 

54.27 

60.0 

31.6 

2578 

2801 

alO 

59.40 

60.0 

31.6 

2360 

2559 

al5 

64.00 

60.0 

31.6 

2193 

2375 

a20 

69.31 

60.0 

31.6 

2028 

2193 

a25 

74.10 

60.0 

31.6 

1899 

2051 


Specimen 4 test results. 


Crack 

length 

nom. 


P(N) 

5 (mm) 

Gnribt 

Q/m^) 

Gcc 

(J/m^) 

aO 

50.25 

117.0 

21.4 

3392 

4300 

al 

51.21 

126.0 

23.2 

3893 

4926 

a2 

52.36 

158.0 

30.0 

6187 

7812 

a3 

53.35 

160.0 

31.2 

6406 

8074 

a4 

54.35 

157.0 

32.4 

6419 

8077 

aS 

55.21 

155.0 

32.8 

6324 

7946 

alO 

60.19 

60.0 

33.0 

2276 

2839 

al5 

65.71 

60.0 

33.0 

2099 

2600 

a20 

70.61 

60.0 

33.0 

1964 

2420 

a25 

75.42 

60.0 

33.0 

1847 

2265 
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Specimen 5 test results. 


Crack 

length 

nom. 

Crack 

length 

actual 

(mm) 

P(N) 

5 (mm) 

Gmbt 

a/m2) 

Gcc 

aO 

50.36 


22.0 

3629 

1841 


51.29 


30.0 

6366 

3225 

a2 

52.28 

160.0 

31.0 

6588 

3332 

a3 

53.20 

163.0 

32.4 

6902 

3486 

a4 

54.11 

0.0 

32.4 

0 

0 

a5 

55.26 

0.0 

32.4 

0 

0 

alO 

60.23 

0.0 

32.4 

0 

0 

al5 

65.27 

0.0 

32.4 

0 

0 

a20 

70.44 

0.0 

32.4 

0 

0 

a25 

75.37 

0.0 

32.4 

0 

0 


Specimen 6 test results. 


Crack 

length 

nom. 

Crack 

length 

actual 

(mm) 

P(N) 

6 (mm) 

Gmbt 

(J/m2) 

Gcc 

(J/m2) 

aO 

49.49 

114.0 



3331 

al 

50.29 

134.0 


4582 

4624 

a2 

51.48 

150.0 

30.8 

6137 

6180 

a3 

52.49 

150.0 

32.0 

6264 

6297 

a4 

53.46 

151.0 

34.0 

6589 

6612 


54.48 

151.0 

35.2 

6705 

6718 

alO 

59.34 

144.0 

41.6 

6987 

6952 

al5 

64.50 

128.0 

45.4 

6275 

6204 

a20 

69.58 

106.0 

51.2 

5462 

5371 

a25 

74.37 

96.0 

53.8 

4885 

4782 
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14 plies 5521/4 co-cured with 2 plies of film-infused boron 


Specimen 1 test results. 


Crack 

length 

nom. 

Crack 

length 

actual 

(mm) 

P(N) 

5 (mm) 

Gmbt 

(J/m2) 

Gcc 

(J/m2) 

aO 

49.41 

71.0 

15.0 

1380 

1442 


50.51 

91.0 

19.6 

2268 

2363 

a2 

51.60 

110.0 

26.0 

3570 

3708 

a3 

52.53 

109.0 

26.6 

3565 

3693 

a4 

53.48 

110.0 

26.8 

3569 

3688 

a5 

52.72 

103.0 

28.6 

3610 

3738 

alO 

59.66 

108.0 

37.4 

4447 

4530 

al5 

64.70 

70.0 

37.6 

2699 

2722 

a20 

69.54 

70.0 

37.6 

2532 

2532 

a25 

74.52 

85.0 

47.4 

3644 

3617 


Note: mbt stands for modified beam theory and cc stands for compliance calibration 
(see ASTM) 


Specimen 2 test results. 


Crack 

length 

nom. 

Crack 

length 

actual 

(mm) 

P(N) 

6 (mm) 

Gmbt 

(J/m2) 

Gcc 

(J/m2) 

aO 

50.98 

89.0 

20.6 

2028 

2099 

al 

51.90 

101.0 

23.4 

2579 

2657 

a2 

52.91 

110.0 

26.4 

3123 

3203 

a3 

53.87 

113.5 

28.6 

3443 

3516 

a4 

55.00 

115.0 

29.8 

3578 

3636 

a5 

55.85 

115.0 

29.8 

3536 

3581 

alO 

60.98 

113.0 

29.8 

3245 

3222 

al5 

65.93 

92.0 

40.4 

3367 

3290 

a20 

70.84 

88.0 

46.0 

3461 

3335 

a25 

75.97 

94.0 

49.8 

3781 

3596 


a25 
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Specimen 3 test results. 


Crack 

length 

nom. 

Crack 

length 

actual 

(mm) 

P(N) 

5 (mm) 

Gmbi 

(J/m2) 

Gcc 

(J/m2) 

aO 

50.87 


16.4 

1537 

1533 

al 

51.91 

^1 

20.4 

2070 

2056 

a2 

52.88 


21.8 

2278 

2255 

a3 

53.79 

92.0 

21.8 

2247 

2216 

a4 

54.82 

92.0 

21.8 

2213 

2175 

a5 

55.86 

114.0 

30.0 

3717 

3640 

alO 

60.82 

115.0 

36.4 

4245 

4092 

al5 

66.03 

162.0 

42.4 

6506 

6184 

a20 

70.89 

104.0 

51.0 

4733 

4448 

a25 

75.80 

88.0 

55.2 

4095 

3809 

Specimen 4 test results. 

Crack 

Crack 

P(N) 

5 (mm) 

Gmbt 

Gcc 

length 

length 



(J/m2) 

(J/m2) 

nom. 

actual 






(mm) 





aO 

49.62 

78.0 

17.3 

1795 

1807 

al 

50.53 

93.0 

21.0 

2557 

2568 

a2 

51.44 

97.0 

22.1 

2762 

2769 

a3 

52.46 

116.0 

27.2 

3994 

3996 

a4 

53.38 

118.0 

29.0 

4266 

4259 

a5 

54.45 

118.0 

29.0 

4190 

4175 

alO 

59.42 

109.5 

33.2 

4115 

4065 

al5 

64.51 

80.0 

38.9 

3270 

3205 

a20 

69.39 

87.0 

42.6 

3643 

3549 

a25 

- 

- 

- 

- 
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